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γ-jet production is considered one of the best probes of the hot quark-gluon plasma in high-energy
heavy-ion collisions since the direct γ can be used to gauge the initial energy and momentum of
the associated jet. This is investigated within the Linear Boltzmann Transport (LBT) model for
jet propagation and jet-induced medium excitation. With both parton energy loss and medium
response from jet-medium interaction included, LBT can describe experimental data well on γ-jet
correlation in Pb+Pb collisions at the Large Hadron Collider. Multiple jets associated with direct
γ production are found to contribute significantly to γ-jet correlation at small pjetT < p
γ
T and large
azimuthal angle relative to the opposite direction of γ. Jet medium interaction not only suppresses
the leading jet at large pjetT but also sub-leading jets at large azimuthal angle. This effectively leads
to the narrowing of γ-jet correlation in azimuthal angle instead of broadening due to jet-medium
interaction. The γ-jet profile on the other hand will be broadened due to jet-medium interaction and
jet-induced medium response. Energy flow measurements relative to the direct photon is illustrated
to reflect well the broadening and jet-induced medium response.
PACS numbers: 25.75.Bh,25.75.Ld, 24.10.Lx
I. INTRODUCTION
Parton energy loss during jet propagation in dense
medium can lead to suppression of the single inclusive
hadron spectra at large transverse momentum [1–10],
large transverse momentum γ-hadron [11–16] and di-
hadron correlations [17, 18] in high-energy heavy-ion col-
lisions. Phenomenological study of experimental data on
these observables at the Relativistic Heavy-ion Collider
(RHIC) and the Large Hadron Collider (LHC) have pro-
vided important constraints on the jet transport coeffi-
cient in high-energy heavy-ion collisions [19]. Production
and suppression of fully reconstructed single jets, di-jets
and γ-jets have also been studied in heavy-ion collisions
[20–33] and they can provide additional constraints on
the jet-medium interaction and jet transport coefficient.
The jet transport coefficient qˆ is related to the gluon
distribution density [34] of the medium at the scale of av-
eraged transverse momentum transfer between the prop-
agating jet and thermal medium partons. It can be de-
fined alternatively as the average transverse momentum
broadening squared of a propagating parton per unit
length. One can therefore in principle measure jet trans-
port coefficient directly through di-hadrdon, γ-hadron,
di-jet or γ-jet correlation in azimuthal angle [35, 36].
Though the Sudakov form factor from initial state radia-
tion dominates the azimuthal angle correlation of di-jets
and γ-jets with large transverse momentum, especially at
LHC [37, 38], it has been proposed that the large angle
correlation could be influenced by large angle scattering
between jet shower and medium partons that can pro-
vide insight into the emergence of strongly interacting
fluid from an asymptotically weakly interaction theory
[39].
In this paper, we will study γ-jet correlation within the
framework of Linear Boltzmann Transport (LBT) Monte
Carlo model [40–44] for jet production and propagation
in heavy-ion collisions. We will in particular focus on
the effect of multiple jet production and suppression in
the γ-jet correlation. Multiple jets are produced from
the large angle radiative processes in the initial hard pro-
cesses and their effects have been studied in jet quenching
and multiple hadron correlation [45–47]. The fractional
contributions from multiple jets to γ-jet correlation are
on the average in the order of the strong coupling con-
stant αs. However, their contributions can become signif-
icant and even dominant in the region of large momentum
imbalance pjetT < p
γ
T and large azimuthal angle difference|φγ −φjet−pi|. Energy loss and suppression of these sub-
leading jets can lead to medium modification of the γ-jet
correlation in these kinematic regions in addition to the
modification caused by energy loss and suppression of the
leading jet in γ-jet events.
When jet partons propagate through the quark-gluon
plasma, jet-medium interactions will lead to the reduc-
tion of the final jet energy. In addition, jet-medium in-
teraction will also lead to the medium excitation and re-
distribution of the lost energy lost inside and outside the
jet cone because of the further propagation of recoil par-
tons. These recoil partons from jet-medium interaction
are very important and should be taken into account in
the final jet reconstruction [40–42, 48–53]. Significant
modifications of the jet structure have been found in re-
cent experimental data on single inclusive jets in Pb+Pb
collisions at the LHC [54–56] that provides strong evi-
dence for jet-induced medium excitation and the redis-
tribution of energy and momentum inside and outside the
jet cone. Recent data on the γ-jet fragmentation function
[57] also show strong enhancement of soft hadrons from
jet-induced medium excitation inside the jet-cone as well
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2as the suppression of leading hadrons due to parton en-
ergy loss. In this paper, we will use LBT model to study
γ-jet correlation and the effects of multiple jets. We will
also carry out the baseline study of γ-jet correlation as
a function of pjetT and γ-jet asymmetry variable xJγ and
their modification due to jet propagation in medium and
contributions from medium recoil. We will investigate
contributions from multiple jets to the γ-jet correlation
and provide predictions from LBT on the transverse pro-
file of γ-jet and energy flow due to jet propagation and
medium response in high-energy heavy-ion collisions at
LHC.
The remainder of the paper is organized as follows. Af-
ter providing a brief introduction to the LBT model in
Sec. II, we will show in Sec. III results from LBT on γ-jet
correlation in energy asymmetry, the transverse momen-
tum of the associated jet and contributions from multi-
ple jets. We will also show the averaged jet energy loss
responsible for the modification of the γ-jet correlation
and the effect of medium recoil or jet-induced medium
excitation. The γ-jet correlation in azimuthal angle is
investigated in Sec. IV. Multiple jets are shown to domi-
nate in the large angle and energy loss of the sub-leading
jets leads to the suppression of γ-jet correlation at large
angles. In Sec. V, we will examine the modification of γ-
jet transverse profile and energy flow due to jet-medium
interaction and jet-induced medium excitation. A sum-
mary and some discussions are given in Sec. VI.
II. THE LINEAR BOLTZMANN TRANSPORT
MODEL
LBT model was developed to study jet propagation
during the phase of quark-gluon plasma (QGP) in high-
energy heavy-ion collisions with an emphasis on the jet-
induced medium response in terms of the propagation
of thermal recoil parton amid the evolving bulk medium
as described by a relativistic hydrodynamic model. The
model has been revamped recently with the implementa-
tion of the complete set of the elastic 2 → 2 scattering
processes [42]. Inelastic processes of medium induced
2 → 2 + n multiple gluon radiation processes have also
been implemented more consistently in the latest ver-
sion of the LBT model. The LBT model is designed to
describe not only parton energy loss and suppression of
leading partons but also jet-induced medium excitation.
It has been used to describe experimental data on sup-
pression of single inclusive light and heavy flavor hadrons
[43, 44], single inclusive jets [60], and γ-hadron [58] and
γ-jet correlations [41].
Parton transport for both jet shower and thermal recoil
partons in the quark-gluon plasma are described by the
linear Boltzmann equations,
pa · ∂fa =
∫ ∏
i=b,c,d
d3pi
2Ei(2pi)3
γb
2
(fcfd − fafb)|Mab→cd|2
×S2(sˆ, tˆ, uˆ)(2pi)4δ4(pa+pb−pc−pd) + inelastic, (1)
where γb is the color-spin degeneracy for parton b, fi =
1/(epi·u/T ± 1) (i = b, d) are thermal parton phase-space
distributions in the QGP medium with local temper-
ature T and fluid velocity u = (1, ~v)/
√
1− ~v2, fi =
(2pi)3δ3(~p − ~pi)δ3(~x − ~xi − ~vit) (i = a, c) are the phase-
space density for jet shower partons before and after scat-
tering and medium recoil partons. The collinear diver-
gency in the leading-order (LO) elastic scattering ampli-
tude |Mab→cd|2 [61] is regulated by a factor [62],
S2(sˆ, tˆ, uˆ) = θ(sˆ ≥ 2µ2D)θ(−sˆ+ µ2D ≤ tˆ ≤ −µ2D), (2)
where sˆ, tˆ, and uˆ are Mandelstam variables, and µ2D =
3g2T 2/2 is the Debye screen mass with 3 quark flavors.
The cross section of corresponding elastic collision is
dσab→cd/dtˆ = |Mab→cd|2/16pisˆ2. The effect of quantum
statistics in the final state and detailed balance are ne-
glected in the current implementation of the Boltzmann
transport model. The effective strong coupling constant
αs = g
2/4pi is fixed and will be fitted to experimental
data.
In the above linear Boltzmann transport equation, the
inelastic processes include only induced gluon radiation
accompanying elastic scattering in the current version of
LBT. The radiative gluon spectrum is simulated accord-
ing to the high-twist approach [63–66],
dNag
dzdk2⊥dτ
=
6αsPa(z)k
4
⊥
pi(k2⊥ + z2m2)4
p · u
p0
qˆa(x) sin
2 τ − τi
2τf
, (3)
where m is the mass of the propagating parton a, z and
k⊥ are the energy fraction and transverse momentum of
the radiated gluon, Pa(z) the splitting function, τf =
2p0z(1−z)/(k2⊥+z2m2) the gluon formation time and τi
is the time of the last gluon emission. The jet transport
parameter,
qˆa(x) =
∑
bcd
ρb(x)
∫
dtˆq2⊥
dσab→cd
dtˆ
, (4)
is defined as the transverse momentum transfer squared
per mean-free-path in the local comoving frame, where
ρb(x) is the parton density (including the degeneracy).
The Debye screen mass µD is used as an infrared cut-off
for the energy of the radiated gluons.
The probability of elastic and inelastic scattering in
each time step are implemented together to ensure uni-
tarity in LBT. The probability for an elastic scattering
in a time step ∆τ during the propagation of parton a is
P ael = 1− exp[−∆τΓela (x)], (5)
where
Γela ≡
p · u
p0
∑
bcd
ρb(x)σab→cd (6)
is the elastic scattering rate. The probability for inelastic
process is
P ainel = 1− exp[−∆τΓinela (x)], (7)
3where
Γinela =
1
1 + δag
∫
dzdk2⊥
dNag
dzdk2⊥dτ
(8)
is the gluon radiation rate. The total scattering proba-
bility,
P atot = P
a
el(1− P ainel) + P ainel, (9)
can be separated into the probability for pure elastic
scattering (first term) and the probability for inelastic
scattering with at least one gluon radiation (the second
term). Multiple gluon radiation is simulated by a Pois-
son distribution with the mean 〈Nag 〉 = ∆τΓinela . The
scattering channel, final flavor, energy and momentum of
the final scattering partons, recoil partons and radiated
gluons are sampled according to the elastic scattering
amplitudes and the radiative gluon spectra, respectively.
Global energy and momentum conservation is ensured in
each scattering with multiple radiated gluons.
In LBT, all final partons after each scattering, includ-
ing jet shower partons, recoil medium partons and ra-
diated gluons, will go through further scattering in the
medium. To account for the back reaction in the Boltz-
mann transport, initial thermal parton b in each scat-
tering are tracked as “negative” partons and they also
propagate in the medium according to the Boltzmann
equation. These “negative” partons are part of the jet-
induced medium excitation and manifest as the diffusion
wake behind the propagating jet shower partons [40–42].
The energy and momentum of these “negative” partons
will be subtracted from all final observables.
A hydrodynamic model is used to provide spatial and
time information on the local temperature and fluid ve-
locity of the bulk QGP medium which evolves indepen-
dently of the jet propagation. In the linear approxima-
tion (δf  f), we neglect interaction among jet shower
and recoil partons and consider only interaction of jet
shower and recoil partons with thermal medium partons.
This assumption will break down when the jet-induced
medium excitation becomes appreciable relative to the lo-
cal thermal parton density. To extend LBT beyond this
region of applicability, a coupled LBT and hydrodynamic
(CoLBT-hydro) model [58] has been developed in which
jet transport is coupled to hydrodynamic evolution of the
bulk medium in real time through a source term in the
hydrodynamic equations from the energy and momen-
tum deposited by propagating jet shower partons. This
coupled approach assumes complete local equilibration of
soft partons from LBT and most suitable for the study
of hadron spectra from jet-induced medium excitation.
In the current version of LBT model, the parton re-
combination model [67] developed by the Texas A & M
University group within the JET Collaboration is em-
ployed for hadronization of all jet shower and thermal
recoil partons. The model has been employed success-
fully to study γ-jet modification, light and heavy flavor
hadron suppression in heavy-ion collisions [41, 43, 44]. In
this paper, we will only use the partonic information for
jet reconstruction and study of jet profiles.
III. γ-JET ASYMMETRY
To study γ-jet correlations, we use PYTHIA 8 [68, 69]
to generate the initial jet shower partons in γ-jet events
in p+ p collisions. We generate γ-jet events with a min-
imum transverse momentum transfer of the hard pro-
cesses that is half of the transverse momentum of the trig-
gered photons. These events also include bremsstrahlung
photons from QCD processes. In principle, the photon
bremsstrahlung processes can also be modified by the fi-
nal state interaction and photons can also be produced
through jet-medium interaction [70, 71]. However, for
the large values of transverse momentum of photons we
consider in this study, the modification is negligible as
in the case of bremsstrahlung production of heavy quark
pairs [72].
The background hydrodynamic profile for the bulk
QGP medium is provided by simulations from CLVisc
(3+1)D viscous hydrodynamics model [73–75] with ini-
tial conditions from A Multi-Phase Transport (AMPT)
model [76]. The initial energy-momentum density is nor-
malized at the initial time τ0 = 0.4 fm/c so that the final
hadron spectra from the hydrodynamic simulations with
freeze-out temperature Tf = 137 MeV can reproduce ex-
perimental data on the final charged hadron rapidity and
transverse momentum distributions [73, 75, 77, 78]. The
centralities of heavy-ion collisions are selected according
to the fractional event distribution in the initial parton
multiplicity in the central rapidity region. The spatial
distribution of the initial production points of γ-jets is
sampled according to the initial hard parton distribution
in the transverse plane as given in the same AMPT sim-
ulations. Each parton is assigned an initial formation
time τf0 = Max(τ0, 2E/p
2
T ) and is allowed to interact
with medium partons according to the Boltzmann trans-
port only after this initial formation time. Transport of
partons in the bulk medium is simulated until the ther-
mal parton density vanishes after the QCD phase transi-
tion during the hydrodynamic evolution and partons free-
stream afterwards. We use FASTJET [79] to reconstruct
jets from the final partons after parton transport within
LBT. γ-jet pairs are selected within the same kinematic
cuts as imposed in the experimental measurements that
we will compare to. In CMS experimental data, kinetic
cuts |ηγ | < 1.44, |ηjet| < 1.6 and |φγ − φjet| > (7/8)pi are
imposed for all asymmetry studies.
In order to compare jet measurements in Pb+Pb to
p+p collisions in CMS experiment, the jet energy in p+p
events is smeared with a Gaussian convolution to match
the jet energy resolution in each of the Pb+Pb central-
ity classes in which the comparison is made. The pa-
rameters of the Gaussian smearing are centrality depen-
dent [30]. In order to compare to the CMS experimental
data, we also convolute our LBT results with the same
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FIG. 1: (Color online) γ-jet asymmetry xJγ = p
jet
T /p
γ
T dis-
tribution in central (0–30%) Pb+Pb collisions (red) and p+p
collision (blue) for different values of pγT at
√
s = 2.76 TeV
from LBT simulations as compared to the CMS experimental
data [30]. Dashed lines in the bottom panel are the asymme-
try distributions for leading jets only.
Gaussian smearing. All LBT results in both Pb+Pb and
p+p collisions are smeared with the same jet energy res-
olution in each centrality class of Pb+Pb collisions as
in the CMS data that we compare with. In principle,
one should also subtract the contribution from underly-
ing event to the jet energy as carried out in experimental
analyses which vary from one experiment to another. In
the calculation of jet transverse energy in FASTJET, we
assume there is a complete subtraction of the underlying
event background that are not correlated to the triggered
photon. The subtraction of the combinatory background
from events mixed from γ-triggered and minimal biased
events by CMS [30] is close to such a complete subtrac-
tion. Using the underlying event subtraction scheme as
in ATLAS experiment [59], the underlying event contri-
bution in the LBT simulations is also small and the un-
derlying event subtraction only reduce the energy of final
reconstructed jet slightly [60].
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FIG. 2: (Color online) Fraction of photons associated with a
jet with pjetT ≥ 30 GeV/c as a function of pγT in central (0–30%)
Pb+Pb (red) and p+p collisions (blue) at
√
s = 2.76 TeV
from LBT simulations as compared to the CMS experimental
data [30].
Shown in Fig. 1 are results on γ-jet asymmetry xJγ =
pjetT /p
γ
T distributions from LBT simulations of p+ p and
0-30% central Pb+Pb collisions at
√
s = 2.76 TeV for
different values of pγT as compared to CMS experimental
data [30]. The jet cone-size is chosen as R = 0.3 and
the lower threshold of transverse momentum for recon-
structed jets is pjetT > 30 GeV/c. The LBT results with
a fixed value of αs = 0.19 agree reasonably well with
the experimental data. We should note that this value
of αs is only the effective strong coupling constant in the
jet-medium interaction within the LBT model which em-
ploys the perturbative estimate of Debye screening mass
as a cut-off in the transverse momentum transfer in the
elastic scattering between jet-shower/recoil and medium
partons. An alternative cut-off and inclusion of non-
perturbative processes such as magnetic screening [5] can
change the jet-medium interaction strength and lead to
a larger effective value of αs.
The asymmetry distributions are the absolute yields
5of jets above the threshold that are associated with the
triggered γ. Therefore, one observes not only the shift of
the peak of the distributions toward smaller asymmetry
values in Pb+Pb relative to p+p collisions due to jet
energy loss but also the reduction of the total jet yields
above the cut-off pjetT > 30 GeV/c. Shown in Fig. 2 are
the fractions of isolated photons that have at least one
associated jet above the cut-off pjetT > 30 GeV/c as a
function of pγT in both p+p and 0-30% central Pb+Pb
collisions. The fraction increases with pγT in both p+p
and Pb+Pb collisions. It is however suppressed in central
Pb+Pb collisions relative to p+p due to jet quenching.
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FIG. 3: (Color online) (a) Transverse momentum distribu-
tion of γ-jet in peripheral (30–100%) and (b) central (0–30%)
Pb+Pb (red) and p+p collisions (blue) at
√
s = 2.76 TeV
from LBT simulations as compared to the CMS experimen-
tal data [30]. Dashed lines are the transverse momentum
distributions for leading jets only.
The asymmetry distributions from both CMS experi-
ment and LBT results (solid lines) shown in Fig. 1 are
the absolute jet yields associated with the tagged pho-
ton. The yields include not only the leading jet but also
sub-leading jets if multiple jets are produced in associ-
ation with the tagged photon. These multiple jets are
produced through higher-order QCD processes and are
kinematically possible when pγT is much larger than the
cut-off of jet transverse momentum. We also show the
LBT results for associated leading jet as dashed lines in
the bottom panel of Fig. 1 which are smaller than the in-
clusive associated jet yields at small value of asymmetry
xJγ . The difference is mainly caused by sub-leading jets
associated with the direct photon production.
To study the modification of associated jet spectra
and illustrate the contribution of multiple jets, we show
in Fig. 3 the distribution of associated jet yields as a
function of pjetT for fixed p
γ
T ≥ 80 GeV/c in both p+p
and Pb+Pb collisions with two different centralities at√
s = 2.76 TeV. The LBT results compare fairly well
with the experimental data from CMS [30]. We also
show the LBT results for associated leading jet as dashed
lines which deviate from the inclusive associated jet yields
at small value of pjetT . The difference between inclusive
and leading jet yield is the contribution from mainly sec-
ondary jets associated with the direct photon produc-
tion. As the LBT results indicate, these secondary jets
are produced at lower pjetT . Because of jet energy loss in
medium, the peak of the leading jet distribution is shifted
to a smaller value of pjetT in Pb+Pb collisions relative to
that in p+p collisions. The contribution from the sec-
ondary jets to the inclusive jet yield above the cut-off
pjetT > 30 GeV/c is also suppressed in Pb+Pb collisions
due to jet energy loss. In 0-30% central Pb+Pb colli-
sions, the jet energy loss shifts the peak of the inclusive
jet distribution to a smaller value of pjetT very close to the
cut-off and the peak is further smeared by the contribu-
tion from the secondary jets. The peak structure of the
associated leading jet distribution is much pronounced
in non-central Pb+Pb collisions when pγT is much larger
than the cut-off of pjetT of the reconstructed jets.
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FIG. 4: (Color online) Average transverse momentum loss of
the leading γ-jet in two centrality classes of Pb+Pb collisions
at
√
s = 2.76 TeV calculated within LBT as a function of
the initial jet transverse momentum with (solid) and without
(dashed) contributions from recoil and “negative” partons in
the jet reconstruction.
The associated jet spectra for a fixed value of pγT shown
in Fig. 3 should be a better direct measurement of the
total jet energy loss through the shift of the spectra in
Pb+Pb relative to p+p collisions. To illustrate this, we
show in Fig. 4 the calculated average transverse momen-
tum loss of the leading jet in γ-jet events in two cen-
trality classes of Pb+Pb collisions at
√
s = 2.76 TeV
6as a function of the transverse momentum of the initial
leading jet before their transport and propagation in the
bulk medium. The solid (dashed) lines are the transverse
momentum loss for leading γ-jets that (do not) include
recoil and “negative” partons from medium response in
the jet reconstruction. We observe that the jet trans-
verse momentum loss due to jet quenching increases with
the initial jet transverse momentum and the dependence
is slightly less than a linear increase. This transverse
momentum dependence is a combined effect of energy
dependence of the jet energy loss for a given jet flavor
(quark or gluon) and the transverse momentum depen-
dence of initial jet flavor composition. The initial fraction
of quark jets increases with transverse momentum in the
γ-jet production processes and the energy loss of a gluon
jet is found to be about 1.5 times bigger than that of a
quark for a jet cone-size R = 0.3 in this range of pjetT [60].
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FIG. 5: (Color online) Associated γ-jet spectrum as a function
of pjetT for fixed p
γ
T ≥ 80 GeV/c in p+p collisions (black)
and spectra via shifting the p+p spectrum with the average
transverse momentum loss in two centrality classes of Pb+Pb
collisions (blue and red) at
√
s = 2.76 TeV compared with the
CMS experimental data [30]. The p+p spectrum is smeared
according to the CMS parameters for jet energy resolution in
0-30% Pb+Pb collisions.
One can estimate the medium modification of the asso-
ciated γ-jet spectra in Pb+Pb collisions by shifting the
spectrum in p+p collisions with the average transverse
momentum loss as calculated in LBT. The modified γ-
jet spectra via shifting the p+p spectrum compare quite
well with the calculated spectra within LBT and CMS
data as shown in Fig. 5 for two (0-30%, 30-100%) cen-
trality classes of Pb+Pb collisions at
√
s = 2.76 TeV.
The p+p spectrum used for obtained modified spectra
via transverse momentum shift is smeared according to
the CMS parameters for jet energy resolution in 0-30%
Pb+Pb collisions. For more precision estimate of the
spectra via shifting p+p jet spectra one should take into
account the fluctuation in jet energy loss due to variation
of the jet propagation path length. Such a method can in
principle serve as a more direct extraction of jet energy
loss from experimentally measured jet spectra.
IV. γ-JET AZIMUTHAL ANGLE
CORRELATION
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FIG. 6: (Color online) Angular distribution of γ-jet in central
(0–30%) Pb+Pb (red) and p+p collisions (blue) at
√
s = 2.76
TeV from LBT simulations as compared to the CMS exper-
imental data. Dashed lines are the angular correlations of
leading jets in the γ-jet events.
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FIG. 7: (Color online) Number of jets per γ-jet events as a
function of transverse momentum of the triggered photon in
p+p (blue) and central (0–30%) Pb+Pb collisions (red).
To further investigate the contribution of sub-leading
jets in γ-jet correlation, we show in Fig. 6 the γ-jet cor-
relation in azimuthal angle ∆φγJ = |φγ−φjet| from LBT
simulations and CMS experiment data for p+p and 0-
30% central Pb+Pb collisions at
√
s = 2.76 TeV. Note
that this a distribution normalized to γ-jet pairs for
pγT > 80 GeV/c and p
jet
T > 30 GeV/c. The azimuthal
angle correlation for leading γ-jet as plotted in dashed
lines are much narrower than the inclusive γ-jet correla-
tion and the distribution for Pb+Pb collisions is almost
indistinguishable from that in p+p collisions. This is
consistent with the conclusion of Refs. [37, 38] that an-
gular correlation for large values of pγT is dominated by
the Sudakov form factor from soft initial state radiation
and the effect of transverse momentum broadening due
7to multiple scattering in medium is negligible. The γ-jet
correlation at large azimuthal angle ∆φγJ is dominated
by sub-leading jets from the next-to-leading processes of
multiple jet production. Because of suppression of sub-
leading jets due to jet energy loss, their contribution to
the inclusive γ-jet correlation at large angle is also re-
duced. This leads to an apparent suppression of single
inclusive γ-jet correlation at large angle in Pb+Pb rela-
tive to p+p collisions. The contribution of multiple jets
to and their suppression in the γ-jet correlation in heavy-
ion collisions will therefore make it difficult to use the an-
gular correlation to study the structure of QGP through
large angle scattering [39]. The contribution from mul-
tiple jets becomes more important for large values of pγT
that is significantly larger than pjetT . Shown in Fig. 7 is
the average number of jets per γ-trigger for pjetT > 30
GeV/c as a function of pγT in p+p and 0-30% central
Pb+Pb collisions at
√
s = 2.76 GeV. One can see that
the average jet yield per γ trigger increases with pγT and
is suppressed in Pb+Pb relative p+p collisions due to jet
energy loss.
V. γ-JET PROFILE AND ENERGY FLOW
To study how the energy lost by leading partons is
transported through the medium, we investigate the
modification of energy distribution inside the jet cone
or the jet transverse profile,
ρ(r) =
1
∆r
1
Njet
∑
jet
pjetT (r −∆r/2, r + ∆r/2)
pjetT (0, R)
, (10)
defined as the distribution of summed transverse energy,
pjetT (r −∆r/2, r + ∆r/2) =
∑
assoc∈∆r
passocT , (11)
carried by the associated particles within a cir-
cular annulus with a width ∆r at radius r =√
(η − ηjet)2 + (η − ηjet)2 normalized to the total trans-
verse energy within the jet cone r ∈ R, where ηjet and φjet
are the location of the center of the jet given by FAST-
JET. The definition of the jet profile can be slightly dif-
ferent depending on which particles are used to calculate
the total transverse momentum within a circular annulus
of the jet cone. We first consider the jet profile calcu-
lated from the associated partons from the list of parti-
cles within the reconstructed jet in FASTJET. We refer
to this jet profile as “exclusive”. Shown in Fig. 8 (upper
panel) is the “exclusive” transverse profile of γ-jets in
p+p and central 0-30% Pb+Pb collisions and their ratio
(lower panel) at
√
s = 2.76 TeV. One can see that jet-
medium interaction has transported certain amount of
energy toward the outer layer of the jet cone and leads to
significant enhancement of jet transverse profile at large
r near the edge of jet cone. This enhancement is com-
pensated by slight suppression of transverse energy at
the very core (r < 0.03) of the jet. In Fig. 8(a), we also
plot the contribution to the jet transverse profile from
jet-induced medium response (recoil and “negative par-
tons”) in Pb+Pb collisions, which becomes more signifi-
ant toward the edge of the circular jet cone. The enhance-
ment of the jet transverse profile in Pb+Pb over that in
p+p collisions as seen in the ratio in Fig. 8(b) is caused
mainly by the medium response, without which the en-
hancement is significantly smaller as shown in Fig. 8(b).
Jet quenching also changes the flavor composition of the
final jet since gluon-initiated jets lose more energy than
quark-initiated jets. This effect will lead to a larger frac-
tion of quark-initiated jets which could narrow the jet
profile since the quark jet profile is narrower than that
of a gluon. This will compete with the broadening of the
jet profile due to induced gluon radiation and jet-induced
medium response.
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FIG. 8: (Color online) (a) The “exclusive” transverse jet
profile of γ-jets in central (0–30%) Pb+Pb (red) and p+p
collisions (blue) from LBT simulations and (b) their ratio
with (red) and without (blue) contributions from jet-induced
medium response at
√
s = 2.76 TeV. The black line in (a) is
the contribution to the jet transverse profile from jet-induced
medium response (recoil and “negative” partons).
In another definition which is used by the CMS exper-
iment [54], all particles within a circular jet cone around
the center of the jet are used to calculate the transverse
energy profile which we refer to as “inclusive”. These
particles include not only those from the list of particles
associated with the jet in FASTJET but also those that
8are not. The jet profiles in p+p (red) and central 0-30%
Pb+Pb collisions (red), shown in Fig. 9(a), are similar
to the “exclusive” jet profile in Fig. 8(a) over most of
the jet cone except the last couple of bins close to the
edge of the cone (r = R) where the “inclusive” jet pro-
file is higher due to additional partons not in the list of
particles associated with the jet in FASTJET. Since the
jet areas in FASTJET are irregular (not a perfect circle)
some of the partons toward the edge of the jet area in the
FASTJET fall outside of the circular cone used to calcu-
late the jet profile in Eq. (10). In addition, the anti-kT
algorithm in FASTJET may also prefers jets with sharp
edges. This is why the jet profiles in both cases fall off
more rapidly toward the edge of the jet cone. The effect
of these additional partons (not in the list of particles as-
sociated with the jet in FASTJET) is more prominent in
p+p collisions. The enhancement of the “inclusive” jet
profile at large radius in central Pb+Pb collisions due to
jet-medium interaction as shown in Fig. 9(b) is slightly
smaller than the “exclusive” jet profile in Fig. 8(b). In
Fig. 9, we also show jet profiles in p+p and Pb+Pb col-
lisions and their ratios as dashed lines that exclude par-
tons with transverse momentum passoT < 1 GeV. This
transverse momentum cut decreases the jet profiles and
the enhancement in Pb+Pb collisions slightly toward the
edge of the jet cone.
To investigate in more detail how the energy is trans-
ported inside and outside the jet-cone, we also calculate
the extended transverse profile of the γ-jet as shown in
Fig. 10 for pγT > 80 GeV/c in p+p (upper panel) and 0-
30% central Pb+Pb (lower panel) collisions at
√
s = 2.76
TeV. We use the similar method introduced by CMS for
the studies of di-jets [80]. With selected γ-jets using anti-
kT algorithm with cone size R = 0.3, we extend the ra-
dius r in the numerator of the “exclusive” jet transverse
profile in Eq. (10) to r = 1 and plot contributions from
partons in different range of transverse momentum. We
also plot the ratio of jet transverse profile in Pb+Pb over
that in p+p collisions in Fig. 11. In the calculation of the
extended jet profile, we have followed the scheme of un-
derlying event background subtraction as used by CMS
experiment [81]. In this scheme, we take a side-band over
the range 1.5 < |η − ηjet| < 3.0 in the event-averaged
transverse energy distribution with respect to the center
of the reconstructed jet as the background and subtract
this φ-dependent background from the jet profile for each
of the pT range.
Within the LBT model, the suppression of the trans-
verse energy within the very core r < 0.03 inside the jet
as seen in Figs. 8 and 9 is caused by the suppression of
energetic partons at pT > 4 GeV/c. The enhancement of
transverse energy toward the edge of the jet cone extends
to the outside of the jet-cone at very large angle and are
carried mostly by soft partons with pT < 3 GeV/c. In
the lower panel of Fig. 10 we also plot contributions from
the recoil medium partons to the γ-jet profile in Pb+Pb
collisions as solid circles. We can see that the enhanced
transverse energy around the edge and outside the jet-
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FIG. 9: (Color online) (a) The “inclusive” transverse jet
profile of γ-jets in central (0–30%) Pb+Pb (red) and p+p
collisions (blue) from LBT simulations and (b) their ratio
with (red) and without (blue) contributions from jet-induced
medium response at
√
s = 2.76 TeV. The black lines in (a) are
the contributions to the jet transverse profile from jet-induced
medium response (recoil and “negative” partons). Dashed
lines are the jet profiles and their ratios with transverse mo-
mentum cut passoT > 1 GeV for the associated partons.
cone is carried mostly by recoil medium partons from
jet-medium interaction within the LBT model calcula-
tion.
As another illustration of the transport of transverse
energy lost by leading jet shower partons in the medium,
we plot in Fig. 12 the energy flow,
p‖ =
∑
assoc
passocT cos(φ− φγ − pi). (12)
which is defined as the sum of associated particles’ mo-
menta projected along the opposite direction of the direct
photon for different range of the parton’s transverse mo-
mentum in p+p and 0-30% central Pb+Pb collisions at√
s = 2.76 TeV. As we see from the LBT results, en-
ergetic partons at high pT has a very narrow azimuthal
angle distribution and are suppressed in Pb+Pb relative
to p+p collisions. The energy lost by these leading jet
shower partons is then carried by radiated and recoil soft
partons. Recoil partons from jet-induced medium exci-
tation contribute to most of the energy excess carried
by soft partons in the jet direction that has a broad az-
9r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(r)
 (G
eV
/c)
ρ
3−10
2−10
1−10
1
10
210
310
 > 0.5 GeV/cassoc
T
Total p
 < 1 GeV/cassoc
T
0.5 < p
 < 2 GeV/cassoc
T
1 < p
 < 3 GeV/cassoc
T
2 < p
 < 4 GeV/cassoc
T
3 < p
 < 8 GeV/cassoc
T
4 < p
 > 8 GeV/cassoc
T
p
 p+p
 > 80 GeVγ
T
 p
 = 2.76 TeVs
 R = 0.3
(a)
r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(r)
 (G
eV
/c)
ρ
3−10
2−10
1−10
1
10
210
310
 > 0.5 GeV/cassoc
T
Total p
 < 1 GeV/cassoc
T
0.5 < p
 < 2 GeV/cassoc
T
1 < p
 < 3 GeV/cassoc
T
2 < p
 < 4 GeV/cassoc
T
3 < p
 < 8 GeV/cassoc
T
4 < p
 > 8 GeV/cassoc
T
p
Medium response
 Pb+Pb
 > 80 GeVγ
T
 p
 = 2.76 TeVs
 R = 0.3
(b)
FIG. 10: (Color online) (a) Extended transverse jet profile of
γ-jets in p+p and (b) central (0–30%) Pb+Pb collisions at√
s = 2.76 TeV from LBT simulations. The solid circles in
the lower panel show contributions from jet-induced medium
response (recoil and “negative” partons).
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imuthal angle distribution.
VI. SUMMARY AND DISCUSSIONS
Within the LBT Monte Carlo model for jet propaga-
tion in hot QGP medium, we have studied γ-jet produc-
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at LHC. With a fixed effective value of the strong cou-
pling αs within the model, we are able to describe the
experimental data on γ-jet asymmetry, jet survival prob-
ability and azimuthal angle correlation well. We focused
the study on the role of multiple jets in γ-jet correla-
tions in high-energy heavy-ion collisions. Multiple jets
associated with direct photon production through higher
order QCD processes are found to have appreciable con-
tributions to the inclusive γ-jet yield at low pjetT < p
γ
T .
They are the dominant contributions at large angle in
the γ-jet azimuthal correlation. Jet-medium interaction
suppresses not only the leading jet but also sub-leading
jets in events with multiple jets in association with direct
photon production.
The suppression of sub-leading jets leads to the reduc-
tion of the inclusive γ-jet yields at lower pjetT < p
γ
T and
also at the large azimuthal angle. This effectively narrows
the γ-jet azimuthal angle correlation instead of broaden-
ing as one would have expected due to jet-medium in-
teraction. The azimuthal angle correlation between the
leading jet and the photon is almost the same in Pb+Pb
and p+p collisions according to LBT results because of
the dominance of the Sudakov form factor in γ-jet corre-
lation from soft gluon radiation in large pT hard pro-
cesses. This will pose a challenge for using γ-jet az-
imuthal correlation to study medium properties via large
angle parton-medium interaction.
The transverse profile of γ-jet with fixed pγT within the
jet-cone is found to be broadened due to energy transport
by the radiated gluons and recoil medium partons. These
partons are relative soft compared to leading jet shower
partons at the very core of the jet which is slightly sup-
pressed due to parton energy loss. The energy carried by
recoil medium partons is found to be transported to the
outside of the jet-cone. They lead to the enhancement of
the extended jet transverse profile both inside and out-
side the jet-cone. We also studied the energy flow in
azimuthal angle relative to the direction of prompt pho-
ton. While the energy flow carried by large pT partons
is suppressed within a narrow jet-cone, energy carried by
soft partons is enhanced in the direction of the jet and
the enhancement has a broad angle distribution due to
jet-induced medium response.
We have not included the hadronization of jet shower
and recoil partons in this study within the LBT model.
The hadronization will add an uncertainty to the jet en-
ergy scale in the order of 1 GeV. It will also introduce
some smearing in the jet transverse profile. The energy
flow and jet profile analyses according to final particle’s
transverse momentum are only illustrative. One has to
include the hadronization in order to provide a quan-
titative analysis according to final hadrons’ transverse
momenta.
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